Abstract-Muscle vibrations can induce motor responses and illusions of complex movements. However, inducing gait-like cyclical movements and illusions requires the application of multiple fast alternating vibrations to lower-limb muscles. The objectives were (1) to test the feasibility of delivering complex vibrations in a time-organized manner and (2) to illustrate the possibility of inducing alternate gait-in-place-like movements using these vibrations. Patterns of vibration, produced by 12 vibrators applied bilaterally on the flexor and extensor muscle groups of the lower limbs, were based on normal gait kinematics. We tested 1 s and 2 s cycle patterns of vibration. Vibrator responses were assessed using auto-and crosscorrelations and frequency analyses based on accelerometry measurements, and compared between patterns. High auto-(>0.8) and crosscorrelation (>0.6) coefficients demonstrated a good response by the vibrators to the control signal. Vibrations induced cyclical, low-amplitude stepping-in-place movements that mimicked alternate walking movements with both legs, with 1 s and 2 s cycle durations, in one nondisabled participant and one participant with American Spinal Injury Association Impairment Scale B spinal cord injury standing, relaxed, with body-weight support. Electromechanical vibrators can deliver complex cyclical vibrations and trigger gait-like lower-limb movements. These results warrant the application of these vibration patterns on individuals with sensorimotor impairments to test their potential in gait rehabilitation.
INTRODUCTION
Muscle vibration is a powerful somatosensory stimulation [1] [2] [3] . Vibration increases the discharge rate of muscle afferents, particularly the Ia afferents, to a frequency up to 100 Hz [2] . Because these afferents detect muscle lengthening, vibration induces a perception of an illusory lengthening movement of the vibrated muscle [2, 4] . Vibration can also generate activity in the vibrated muscle or its antagonist [5] [6] [7] [8] . Applied on the tibialis anterior at the ankles during standing, vibration also induces postural reactions. The amplitude of these reactions progressively increases with vibration frequency up to 100 Hz [9] .
Illusions of complex movements, such as writing, are also described when vibrations are applied in a proper sequence on several muscles [10] . Since muscle vibration can also induce motor activity associated with the illusion [7] [8] , multiple patterned vibrations applied on lower-limb muscles may trigger complex, organized movements similar to gait. However, because gait is cyclical, regular and fast alternating periods of vibration would have to be delivered with proper timing and frequency to obtain a gait-like illusion resulting in motor activity and movements.
We thus conducted the proof of concept of delivering complex vibrations in a time-organized manner and demonstrated the feasibility of inducing small amplitude, gait-like movements in a nondisabled participant and a participant with spinal cord injury using multiple vibrations.
METHODS

Equipment
Twelve vibrators (VB115, TECHNO CONCEPT; Mane, France) were bilaterally placed on the tendons of each flexor and extensor muscle group at the hip, knee, and ankle (Figure 1) . The vibrators were controlled using a custom-made LabVIEW interface (National Instruments; Austin, Texas) and held in place using tubular jersey.
Two accelerometers (Analog Devices Inc; Norwood, Massachusetts) were fixed on pairs of vibrators to monitor their activation at a sampling frequency of 600 Hz. During successive trials, the accelerations of each vibrator were simultaneously recorded with a reference vibrator placed over the right hip flexor muscles. Such a reference was necessary because only two accelerometers were available for data collection. It provided a temporal reference to compare the timing of the stimulations between the 12 vibrators.
Tested Patterns
Due to vibrator limitations associated with fast frequency changes observed in pretests, only one period of vibration could be delivered by each vibrator within each cycle of stimulation. The onset and duration of each period of vibration was based on normal gait kinematics [11] to activate somatosensory afferents according to muscle stretches associated with joint movements during gait (Figure 2(a) ).
Figure 1.
Experimental setup: participants were equipped with body weight and hand supports, motion analysis system (34 infrared markers and 2 cameras) and 12 vibrators, one on tendon of each flexor and extensor muscle of hips, knees, and ankles.
The pattern was repeated to ensure cyclic stimulation over 1 min trials.
Patterns reproducing gait cycles of 1 and 2 s were tested, resulting in 60 or 30 consecutive repetitions of the model pattern of vibrations (Figure 2(a) ) over the minute of stimulation, respectively. Patterns were also tested with symmetrical (bilateral target frequency of 80 Hz) and asymmetrical (80 Hz on one leg, 115 Hz on the other leg) frequencies with identical timing. Because higher vibration frequency induces larger motor responses [9] , asymmetrical stimulation, with the highest frequency applied to the most affected lower limb, could potentially increase the response on the affected side. Such asymmetrical vibration could be used in an attempt to obtain more symmetrical movements in individuals where asymmetrical deficits can be observed, such as following a stroke or spinal cord injury.
The symmetrical patterns were applied on one nondisabled participant and one participant with incomplete spinal cord injury during quiet standing. The clinical characteristics of the person with spinal cord injury were the following: 52 yr old, American Spinal Injury Association Impairment Scale B, at thoracic 12, 8.9 yr postinjury, with good hip flexion and knee extension on the left side (4/5), but reduced strength on the right lower limb (2/5 for hip flexion and 1/5 for knee extension, for a total of 11/50 at the Lower Extremity Motor Score, and total bilateral paralysis in hip extension, knee flexion, and at the ankles). In terms of sensory deficits, touch was perceived as normal bilaterally at the lumbar (L)1 dermatome and at L2 and L3 on the left, but impaired at L2 and L3 on the right and absent below. Body-weight support was provided to reduce the need for reactions to postural destabilizations associated with lower-limb vibrations [9] and to facilitate a relaxed state. Both participants signed a consent form after complete information about the study was provided according to local ethics committee recommendations.
Data Collection
A Certus system (Northern Digital Inc; Waterloo, Canada) recorded the positions of at least three noncollinear infrared markers on each lower-limb segment (pelvis, thighs, legs and feet; see Figure 1 for details) at a sampling frequency of 60 Hz to compute a threedimensional link-segment model [12] . The joint amplitudes were calculated as the range of motion between the minimal and maximal angles of the hip, knee, and ankle joints as calculated according to the recommendations of the International Society of Biomechanics [13] .
Data Analysis
Accelerometer signals were band-pass filtered between 10 and 150 Hz. The peak frequency of the radial acceleration signal was determined using Fast Fourier Transforms (FFTs). The signal was then enveloped to obtain vibration profiles. In addition, to compare the timing of the stimulations between the 12 vibrators, the beginning of each vibration period was automatically determined from this profile to measure delays between each vibrator and the reference (right hip flexor vibrator).
Autocorrelation was computed to test the regularity [14] of the vibration periods on the time-series of the accelerometer-enveloped signal recorded for each vibrator over the minute of each trial. Crosscorrelations were used to compare each accelerometer-enveloped signal with its control signal [14] over the minute in each trial, with the control signal of each vibrator represented as rectangular pulses for each "on" period, with identical time parameters. We used t-tests on the correlation coefficients to determine whether the delivery of the vibrations was altered depending on the tested pattern. Mean and standard deviations of the duration and amplitude of the cyclical-induced joint movements, and their peak frequency determined by FFT, were calculated during the application of the vibration patterns. Statistics were computed using SPSS version 19 for Windows (IBM Corporation; Armonk, New York).
RESULTS
The mean frequency produced by the vibrators in the tested patterns was 88.3 ± 5.1 Hz for the 80 Hz stimulations and 103.8 ± 6.0 Hz for the 115 Hz stimulations.
Mean autocorrelation coefficients of the enveloped signals were very high for each vibrator but lower for the 1 s cycles than for the 2 s cycles (p < 0.05) (Table) . Target frequencies did not affect the autocorrelation values (p > 0.20). The mean crosscorrelation between the control signals and the obtained vibrations for each pattern was lower for the 1 s patterns than for the 2 s symmetrical patterns (p < 0.05). In addition, the crosscorrelation was also lower in the asymmetrical patterns than in the symmetrical 1 s patterns (p < 0.01), but no difference appeared between the 2 s patterns (p = 0.64).
Compared with the delays set in the control signal, the mean error in the delays between the onset of the vibration periods of each vibrator and the reference vibrator was 22.4 ± 22.9 ms with no difference between conditions (p > 0.21).
Small amplitude (nondisabled participant: 2.3° ± 1.1°; spinal cord injured: 0.8° ± 0.3°) cyclical movements, with a 1.0 and 0.5 Hz peak frequency corresponding to the 1 and 2 s cycle duration of the vibration patterns, respectively, were recorded at each lower-limb joint during the stimulations. These movements alternated between the right and left lower limbs. In the nondisabled participant, hip flexion was accompanied by knee flexion and dorsiflexion on the same leg. This was followed by the reverse pattern of hip extension, knee extension, and plantar flexion (Figure 2) . Movements differed in the participant with spinal cord injury (Figure 3) , particularly at the hip, with flexion associated with knee extension and plantar flexion followed by extension associated with knee flexion and dorsiflexion on the same leg. The percentage of support used by each participant was 10 percent (nondisabled) and 88 percent (spinal cord injury) of total body weight.
DISCUSSION
Complex patterns of vibration were delivered by 12 electromechanical vibrators. The mean peak frequency was within the range known to activate somatosensory afferents at approximately 80 Hz [1] [2] [3] . There was a small frequency difference (approximately 20 Hz instead of the 35 Hz target) when using the asymmetrical pattern between the legs. The study was not designed to assess the reasons for the difference between the target vibration frequency and the actual vibration frequency. However, The responses of the vibrators to the control signal were good [14] , with limited variations for each vibrator (autocorrelation above 0.8) and only slight mismatch between the control and vibration signals (lower crosscorrelation, particularly for the 1 s asymmetrical pattern). Lower crosscorrelation coefficients were likely due to the representation of the control signal as rectangular pulses, even though the frequency of the vibrators could not rise instantaneously. Lastly, the errors in the delays between vibrator responses were also limited, with mean errors of 25 ms. Thus, the vibrations produced by the 12 vibrators were very close to the control signal, the 2 s pattern being slightly better, particularly for the asymmetrical pattern. The development of vibrators with capacities to change their frequency faster and with more precise target frequency than those used in the present study would be necessary to apply vibration patterns closer to gait kinematics and at faster speed or to increase the stimulation at weaker joints for clinical applications. For example, Cordo et al. used isolated vibration at the ankle or wrist in persons with hemiparesis from stroke [15] . They assisted movement by applying vibration to the muscle that was stretched during alternate voluntary flexion and extension at the ankle or wrist. They used a two-phase vibration, with a higher frequency burst during the first 200 to 300 ms at 70 Hz followed by 60 Hz for the rest of the vibration period, to mimic the physiological response of muscle afferents to stretching. These authors attributed the measured functional improvements to better sensorimotor connections because of repetitive and simultaneous activation of sensory and motor neurons and cortices [15] .
The complex vibration pattern generated alternating, low-amplitude, flexion-extension movements of both lower limbs at the frequency of the applied vibration periods. This finding provides good evidence to indicate that the applied vibrations were driving the generated movements. Unlike with air-stepping movements produced by the continuous vibration of one muscle group in the side lying position in relaxed nondisabled participants [16] [17] and participants with spinal cord injury [18] , it was thus possible to impose the frequency of the induced gait-like movements. This feature could be interesting for variations if used in gait training. In addition, one can be confident that the generated movements are actual movements since the motion analysis method used here has a bias of 0.05° for angle measurement, well below the minimal amplitude measured in the present study, i.e., 0.8° ± 0.3° [19] .
Alternated movements were obtained both in the nondisabled participant and participant with spinal cord injury, though of lower amplitude for the latter. Characterizing the direct relationship between vibration patterns and muscle activity using electromyography was not possible given the complex electronic noise due to the vibrations and their variations. The difference observed between the two participants in the coordination of hip movements compared with knee and ankle movements may be due to the bilateral absence of hip extension and sensory perception at L4 to L5 in the participant with spinal cord injury. Further study in a larger group is needed to analyze the effect of the level of sensorimotor impairment and of the percentage of supported body weight on the vibration-induced movements.
CONCLUSIONS
It is thus feasible to deliver complex vibration patterns that can generate gait-like movements when applied on a nondisabled participant or a participant with spinal cord injury. The present results warrant evaluating the potential of these complex patterns of vibration for gait rehabilitation in larger pathological groups.
Table.
Regularity of vibration profile (mean autocorrelation coefficients) and its correspondence with control signal of tested pattern (mean crosscorrelation coefficients).
